1. Introduction {#s0005}
===============

Heat, cold, drought and salinity are common abiotic stress conditions for the plants. These stresses affect both plant growth and production [@bb0005]. Salt stress presents an increasing threat to agriculture due to its effect on plant growth [@bb0010]. Reduced availability of water, increased respiration rate, altered mineral distribution, membrane instability, failure in the maintenance of turgor pressure are some of the events that prevails during salt stress [@bb0015]. The response of plants to salinity consists of numerous processes that function in coordination to reduce the cellular hyper-osmolarity and ion disequilibrium [@bb0020]. It is important to analyze the function of stress-inducible genes not only to understand the molecular mechanisms of stress tolerance but also to improve the stress tolerance of crops by gene manipulation. Gene expression analysis or expression profiling refers to the study of response of an organism against environmental changes [@bb0025]. The expression profiles of thousands of genes results from microarray technology, a preferred method to identify genes involved in abiotic stress responses [@bb0030], [@bb0035]. In addition, analysis of relationship between genes, their functions and classification is also required. Because of the large number of genes and the complexity of biological networks, clustering algorithms are found to be useful exploratory technique for the analysis of gene expression data [@bb0040]. To make some meaningful biological inference from large number of genes or samples, they are required to be clustered together to obtain co-expressed genes. The co-expressed genes may have similarity in their expression levels. Cluster analysis is one of the primary statistical tool for data analysis [@bb0045], [@bb0050]. The clustering algorithms have been proven useful for identifying biologically relevant groups of genes or samples and can be applied for gene function discovery process. Clustering algorithms can be classified mainly as unsupervised like Hierarchical clustering (HCL) [@bb0055], K-means clustering (KMC) [@bb0060], Principal Component Analysis (PCA) [@bb0065] and Self Organizing Map (SOM) [@bb0070] or supervised like Support Vector Machine (SVM) [@bb0075]. These clustering techniques are based on the hypothesis that the genes in a cluster might share common function and regulatory elements [@bb0080]. The cluster analysis routinely run as a first step of data analysis and separates a set of objects into several subsets based on their similarity [@bb0085], [@bb0090]. None of the clustering algorithms available provides evidence to support that clustering of genes having similar expression patterns is more likely to have similar biological function [@bb0095]. The genes with similar expression profiles are said to be co-expressed genes [@bb0100]. Co-expressed genes may help in revealing useful biological information as they are functionally related [@bb0055], [@bb0105]. Hence, grouping of genes with similar expression levels can reveal the function of those genes, which were previously uncharacterized. To find out the utility of clustering techniques, the gene expression profiles of the genes of *Solanum tuberosum* showing differential expression under salt stress at six different time points in *Capsicum annuum* were retrieved and analyzed. The clusters, obtained from different algorithms showed common patterns of genes having similarity in their expression and function.

2. Materials and methods {#s0010}
========================

2.1. Retrieval of gene expression data {#s0015}
--------------------------------------

The normalized gene expression data of *S. tuberosum* showing differential expression in *Capsicum annuum* were retrieved*.* As per experimented details provided in GEO database, the ESTs of *S. tuberosum* were used as spotted PCR amplified cDNA array. After the application of 150 mM NaCl at different time periods in *C. annuum*, the leaf tissue samples were collected including control plants. The RNA from these tissues were isolated and hybridized with cDNA arrays. The genes, showing response under salt stress at six different time points were considered as six samples and were downloaded from Gene Expression Omnibus (GEO) database at NCBI (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE8158>) [@bb0110]. The sample ids were GSM201905, GSM201906, GSM201907, GSM2019058, GSM201909 and GSM201910 ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). The filtering of dataset was done in order to obtain highly expressed and significant genes.

2.2. Clustering of genes {#s0020}
------------------------

Clustering of the genes having similar expression profile was done using the clustering tool, Genesis 1.7.6 [@bb0100]. The genes expression data was imported in the form of a text file. Different algorithms like, hierarchical clustering, k-means clustering, principal component analysis and self-organized map algorithms were applied for clustering of the gene expression data. The number of runs for each clustering algorithms were minimum 1000 cycles.

2.3. Functional annotation {#s0025}
--------------------------

The functional annotation of the genes was done using already annotated genes of *Arabidopsis thaliana*, using Gene Ontology (GO), a feature available in the program Genesis. For the GO annotation, a mapping file, having the GO annotations for *A. thaliana*, was created using Batch SOURCE (<http://smd.stanford.edu/cgi-bin/source//sourceBatchSearch>) available in Stanford SOURCE database (<http://source.stanford.edu>/). This file was imported to Genesis for creating GO tree. From this tree, the genes of *C. annuum*, induced in salt stress were assigned their functions.

3. Results {#s0030}
==========

3.1. Retrieval and filtering of gene expression data {#s0035}
----------------------------------------------------

The differential expression data were retrieved from GEO database. The data were in form of 17,453 genes having corresponding expression values at different time periods of salt stress responses. These genes were of *S. tuberosum* showing differential expression in *C. annuum.* The mean of intensity values of six samples were calculated for each gene. The genes having the mean of intensity value greater than + 0.585 were considered as highly up regulated and less than − 0.585 as highly down regulated. Walia et al. has reported 0.585 as cut off log~2~ value of expression ratio to get the significant genes [@bb0115]. After filtering, sixty genes were obtained and taken for further analyses.

3.2. Clustering results to find co-expressed genes {#s0040}
--------------------------------------------------

### 3.2.1. Principal component analysis (PCA) {#s0045}

PCA algorithm was performed prior to clustering to obtain different patterns or dimensions formed from the expression data. PCA calculates a new system of coordinates. The directions of the coordinate system calculated by PCA are known as eigenvectors. Six different time points (principal components) were observed in the data, based on eigenvectors. The eigenvalues for all the principal components (PCs) have been plotted ([Fig. 1](#f0005){ref-type="fig"}). First PC revealed largest eigenvalues which mean that it accounts for high variation in expression value of the genes. The variation in expression values of the genes decreased successively in other PCs.

### 3.2.2. Hierarchical clustering (HCL) {#s0050}

HCL algorithm was performed to obtain the number of patterns hidden in the dataset using average linkage method. Based on these patterns the number of clusters was identified. These patterns are useful to set the number of clusters in other algorithms. Five clusters were identified among 60 genes ([Fig. 2](#f0010){ref-type="fig"}). Cluster 5 showed highest number of genes, which were down regulated. Cluster 2 showed most of the up-regulated genes. In the heatmap, for each gene red, green and black colors indicates up, down and no expression respectively. These colors are representative of a relative scale (− 3.0 to + 3.0) derived from the expression values. The white dots in the heatmap represent the gene showing maximum expression at a particular time point. The expression images of the clusters having similar genes belonging to a particular cluster have been plotted ([Fig. 3](#f0015){ref-type="fig"}). Clusters 1 and 2 consisted of upregulated genes whereas clusters 3, 4 and 5 had downregulated genes. The magenta curve represents the mean expression values at different time points. In each expression view, the x-axis represents time points whereas the y-axis represents expression values.

### 3.2.3. K-Means clustering (KMC) {#s0055}

KMC algorithm is based on given number of clusters. The number of clusters can be chosen randomly or estimated by performing a hierarchical clustering of the dataset [@bb0120]. In this study, we took the number of clusters as five based on result of HCL algorithm. Out of 5 obtained clusters, clusters 1 and 3 had downregulated and clusters 2, 4 and 5 were with upregulated genes. The mean of all the genes belonging to a particular cluster have been represented in magenta color. The x-axis represents time points whereas the y-axis represents expression values ([Fig. 4](#f0020){ref-type="fig"}).

### 3.2.4. Self-organizing map (SOM) {#s0060}

SOM clustering algorithm has also been applied to the dataset for clustering. The number of clusters was set as 6 (2 × 3), on the basis of clusters obtained from HCL algorithm. However, SOM analysis resulted in six clusters. Five clusters showed the presence of genes and cluster 3 did not had any gene ([Fig. 5](#f0025){ref-type="fig"}).

### 3.2.5. Cluster comparison analysis {#s0065}

The comparison of clusters obtained from common clustering techniques might provide additional information as compared to single method approach [@bb0100]. In comparison, three clusters of HCL and KMC algorithms were found to be similar to each other showing same pattern of expression. One cluster from SOM and HCL algorithms and one cluster from all three algorithm revealed similarity in their expression.

### 3.2.6. Visualization of clustering algorithms through PCA {#s0070}

PCA algorithm was used to visualize the clusters obtained from HCL, KMC and SOM algorithms. The five groups of genes obtained from each algorithm have been shown in the 3D space of PCA analysis ([Fig. 6](#f0030){ref-type="fig"}). PCA analysis demonstrates measure of variability among genes [@bb0125]. The genes of cluster 2 of HCL showed highest variability. The value of average distance from the mean was 0.77, which is highest among all the clusters made from HCL algorithm. Cluster 4 of KMC revealed 0.73 average distance from the mean indicating highest variability among its genes. In SOM algorithm, highest variability of 0.94 was observed among genes of cluster 4. The analysis suggests that the variability among genes within a cluster depends upon the values of average distance from the mean.

### 3.2.7. Functional annotation of genes {#s0075}

The ontological classification of selected differentially expressed genes was done. Biological process, molecular function and cellular location classification were taken into consideration for functional assignment of the genes. Some of the genes could not be assigned any function. The genes, for which function could not be assigned, were found to be present in cluster 5 of HCL and cluster 1 of KMC. Both the clusters were similar as could be seen in the centroid views ([Fig. 7](#f0035){ref-type="fig"}a). Some other genes having no function belonged to cluster 1 of HCL and cluster 5 of KMC, which were also similar to each other ([Fig. 7](#f0035){ref-type="fig"}b). Thus, these eight genes were assigned of their functions according to their co-expression present in the same clusters ([Table 1](#t0005){ref-type="table"}). Most of these genes belonged to function related to stress responses.

4. Discussion {#s0080}
=============

In this study, we have examined the distribution of genes showing differential expression under salt stress. All four algorithms resulted in similar patterns of clustering of genes. An earlier study have used HCL algorithm to list the genes of barley, expressed under salinity stress. The identified groups of genes with similar expression patterns were up and downregulated separately. The group of upregulated genes were mainly responsible for heat shock protein (HSP), calmodulin and arginine/serine rich protein [@bb0115]. Earlier studies demonstrated that the genes responsible for HSPs show change in expression in *A. thaliana* and rice under abiotic stresses including salt [@bb0130], [@bb0135]**.** The calmodulin genes have been earlier reported to enhance drought and salt tolerance in rice plant [@bb0140]. The objective of the clustering was to use the appropriate method for grouping the expression data having similarity in their expression values. All algorithms resulted in equal number of clusters. However, the difference was observed in the pattern of genes in the cluster. In our analysis, cluster 5 of HCL and 1 of KMC showed same set of genes having up-expression under salt stress ([Fig. 7](#f0035){ref-type="fig"}a). The genes ware mainly responsible for carbohydrate metabolism like fructose 1,6-bisphosphate 1-phosphatase activity, kinase activity, response to abscisic acid stimuli and some heat shock proteins clustered together. Cluster 1 of KMC and 2 of HCL also showed similar expression pattern ([Fig. 7](#f0035){ref-type="fig"}b). According to functional similarity, the above genes belonged mainly to stress responses viz., serine/threonine phosphatase an enzyme of MAP kinase pathway activated in stress response, calmodulin binding and peroxidase activity responsible for oxidative stress. MAP kinases play an important role in abiotic stress signaling pathway [@bb0145]. Cluster 5 of HCL and 1 of KMC were compared and revealed 19 common genes showing expression level and functional similarity ([Fig. 7](#f0035){ref-type="fig"}c). All the genes were downregulated in the presence of salt stress. The expression of these genes was lowered in the presence of salt stress. The genes of both the clusters belonged to stress responses such as zinc and cadmium ion binding. The genes had biological functions like ATP binding, transferase activity and hydrolase activity. Expression views made by cluster 2 analyzed from two algorithms HCL and SOM were found to be similar to each other ([Fig. 8](#f0040){ref-type="fig"}). The number of common genes in both the clusters were 19. These genes showed upregulation under the salt stress condition. The intensity value was observed with range from 0.58 to 1.02. The functional similarity among the genes was observed as most of the genes belonged to peroxidase activity in the presence of oxidative stress and response to abscisic acid signaling pathways due to stress condition. Comparative analysis of the results indicated that the clusters of all three algorithms showed similar patterns of genes e.g. cluster 5 of HCL, cluster 6 of SOM and cluster 1 of KMC have similar function and are downregulated under stress ([Fig. 9](#f0045){ref-type="fig"}). Among three clusters 15 genes were common having range of intensity value of − 0.58 to − 0.69 indicating that they are downregulated. The functional similarities in terms of oxidase activity in response to cold suggested that these genes were responsible both for cold and salt stress. The histone deacetylase activity showed the response of genes for abscisic acid stimulus. It was earlier demonstrated that expression of histone deacetylase gene was repressed by ABA in *A. thaliana*, suggesting its possible role in the ABA response [@bb0150]. Thus, clustering of the genes in accordance to the similarity in their expression profiles along six different time points was useful to find out the co-expressed genes. Some clusters obtained through different clustering algorithms were similar indicating that the genes were clustered accurately. The distribution of the genes in clusters was found to be similar in each algorithm. The functional annotation of all the genes was done. The uncharacterized genes were predicted for their function based on their similarity to the genes of participating cluster. All the genes were assigned functions for cold and salt stress responses. The expression level analysis of each uncharacterized genes at all time points was done ([Fig. 10](#f0050){ref-type="fig"}). The genes showing expression values below the mean were considered to be downregulated. Genes BQ516961 and BQ516960 showed same pattern of down expression. The mean intensity value of both the genes was − 0.6045. The expression patterns of BQ515216 and BQ515215 was similar having 0.692667 intensity value and up expression. BQ516985 and BQ516986 showed down expression of − 0.5915 intensity value.

5. Conclusion {#s0085}
=============

In this work, we aimed to study the clustering analysis of genes showing differential expression in salinity stress. The genes of *S. tuberosum* showing change in their expression in *C. annuum* were taken. The clustering programs are routinely run as a first step of data summary and grouping genes in a microarray data analysis [@bb0045], [@bb0050], [@bb0085]. The prediction of correct number of clusters is a critical problem in unsupervised algorithms like KMC and SOM. HCL, an agglomerative method is used for pre-specification of the number of clusters for other algorithms. Use of multiple clustering algorithms is required for accuracy of the results. In our study, the application of four clustering algorithms, HCL, KMC, PCA and SOM resulted in almost similar clusters. The similarity in the clusters from multiple algorithms indicates that the co-expressed genes are clustered efficiently. Earlier reports have shown that application of more than one clustering technique may facilitate the generation of more accurate and reliable results [@bb0155]. The gene ontology annotation from *A. thaliana* helped to find out the functions for the genes, which were found to be up- and down-regulated in *C. annuum*, under salt stress. Functional annotation revealed that most of the genes were related to stress response. The functions of eight unknown genes were predicted based on their occurrence in the cluster. Out of these eight genes, 3 were up and 5 downregulated. Thus, clustering of the co-expressed genes is also helpful in getting information about the uncharacterized genes. The functional information of uncharacterized genes can be predicted based on other participating genes in particular cluster. The efficiency of the clustering algorithm can be measured by validating the analyzed clusters. The validation of the clusters will be our future endeavor to find the co-expressed genes.

The following are the supplementary data related to this article.Supplementary Table 1Gene expression data of *S. tuberosum* showing differential expression in *C. annuum* at different time periods of salt.
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![Eigenvalue plot of the principal components.\
The six principal components (PC) represent six samples of the gene expression data. The PC containing large eigenvalue represents high variability among its genes.](gr1){#f0005}

![Heatmap of clustered genes showing five clusters.\
The hierarchical clustering of the genes is represented in heatmap. The red and green color shows the up and down expression respectively. The range of expression values is − 0.3 to 0.3. The genes are represented in form of their accession number followed by their function.](gr2){#f0010}

![Expression views of hierarchical clustering.\
The clusters resulted from hierarchical clustering are shown. The number of genes lying in each cluster is mentioned. Multiple black lines represent each gene showing its expression values. In each cluster, the pink line represents the mean of expression values of all the genes.](gr3){#f0015}

![Expression views of K-means clustering.\
The clusters resulted from K-means clustering are shown. The number of genes lying in each cluster is mentioned. Multiple black lines represent each gene showing its expression values. In each cluster, the pink line represents the mean of expression values of all the genes.](gr4){#f0020}

![Expression images of SOM algorithm.\
The clusters resulted from SOM clustering shown. The number of genes lying in each cluster is mentioned. Multiple black lines represent each gene showing its expression values. In each cluster, the pink line represents the mean of expression values of all the genes.](gr5){#f0025}

![Clusters of HCL (a), KMC (b) and SOM (c) in 3-D space.\
The clustered genes are represented in balls of different colors in three-dimensional space. The balls of different colors represent genes. The clusters, which are similar in their expression values, lie close to each other.](gr6){#f0030}

![Centroid views of comparison of clusters made from HCL and KMC.\
Three clusters of HCL and KMC are represented in a comparative manner. The pink line in each cluster represents the pattern of mean expression values in each sample.](gr7){#f0035}

![Centroid views of similar clusters made from SOM and HCL.\
One cluster of SOM and HCL is represented in a comparative manner. The pink line in each cluster is showing the pattern of mean expression values in each sample.](gr8){#f0040}

![Centroid views of similar clusters made from SOM, KMC and HCL.\
One cluster of SOM, KMC and HCL is similar and represented in a comparative manner. The pink line in each cluster is showing the pattern of mean expression values in each sample.](gr9){#f0045}

![Expression level representation of eight genes.\
The expression view of the uncharacterized genes is represented. The pink line, which lies above and below the black line, represents up and down expression respectively.](gr10){#f0050}

###### 

Functional assignment to the genes, having no any prior information.

  Genes      Functions
  ---------- --------------------------------------------------------
  BQ516961   Biological process \| response to cold and salt stress
  BQ515216   Response to light stimulus \| response to stress
  BQ516960   Biological process \| response to cold and salt stress
  BQ515215   Response to light stimulus \| response to stress
  BQ518795   Biological process \| response to cold and salt stress
  BQ516985   Biological process \| response to cold and salt stress
  BQ512282   Response to light stimulus \| response to stress
  BQ516986   Biological process \| response to cold and salt stress
